Gradual evolutionary change by natural selection operates so slowly within established species that it cannot account for the major features of evolution. Evolutionary change tends to be concentrated within speciation events. The direction of transpecific evolution is determined by the process of species selection, which is analogous to natural selection but acts upon species within higher taxa rather than upon individuals within populations. Species selection operates on variation provided by the largely random process of speciation and favors species that speciate at high rates or survive for long periods and therefore tend to leave many daughter species. Rates of speciation can be estimated for living taxa by means of the equation for exponential increase, and are clearly higher for mammals than for bivalve mollusks.
In reaction to the arguments of macromutationists who opposed Neo-Darwinism, modern evolutionists have forcefully asserted that the process of natural selection is responsible for both microevolution, or evolution within species, and evolution above the species level, which is also known as macroevolution or transpecific evolution (1) . It will be shown In the following discussion that the presence of a largely random process (speciation) between the two levels of evolution decouples them, and that large-scale evolution is guided not by natural selection, but by a separate, though analogous, process.
PHYLETIC GRADUALISM AND THE RECTANGULAR MODEL Phylogenies have traditionally been characterized as having tree-like patterns. In plots depicting morphologic change on a horizontal scale and time on a vertical scale, continuous phyletic change is typically represented by diagonal branches and twigs. Being based on fragmentary fossil evidence, such plots are interpretive. They represent the concept of evolution that has been called phyletic gradualism (2) . In reality, gradual phyletic change is recognized for only a few fossil lineages, and in these it is of minor morphologic consequence. Soviet workers (3) (4) (5) proposed that we should not expect to find widespread documentation of gradual change in the fossil record. Rather, they alleged, change tends to be concentrated in speciation events, while species evolve rather little after becoming established. These ideas have since been enunciated by American workers (6, 2) . They imply that the standard tree of life should be modified to have a more rectangular pattern, with evolution proceeding in a step-wise pattern. This so-called allopatric model of evolution (6) represents the geographic concept of speciation propounded by Mayr (7) and others, in which small peripheral populations of estabAbbreviation: My, million years. lished species are seen as occasionally becoming separated by geographic barriers to form new species. Most isolates become extinct, but occasionally one succeeds in blossoming into a new species by evolving adaptations to its marginal environment and diverging to a degree that interbreeding with the original population is no longer possible. Mayr has emphasized the stability of the genotype of a typical established species. Most species occupy heterogeneous environments within which selection pressures differ from place to place and oppose each other through gene flow. Furthermore, biochemical systems interact in complex ways. Most genes affect several adaptations and most adaptations are under the influence of several genes. Thus, it is alleged, homeostatic mechanisms oppose wholesale restructuring of the genotype in large, well-established populations. In small, peripheral populations under what might be described as crisis conditions in marginal habitats, such restructuring occasionally takes place. Sympatric speciation, whatever its incidence, can also produce rectangular patterns of phylogeny. Hence, the adjectives rectangular and gradualistic will be used here to label the alternative models of phylogeny without reference to mode of speciation.
CRITICAL TESTS
The gradualistic view of phylogeny does not deny geographic or other types of speciation, it simply recognizes no increase in rate of evolution with splitting. The question that must be settled is not whether phyletic change occurs in established species (it must, to some degree), but whether its effect is minor, with most change occurring in speciation events. I do not agree that "the data of paleontology cannot decide which picture is more adequate" (2) . Four tests devised to examine this question will be applied in the following discussion. All deal with rates of evolution, for it is the distribution of rates in phylogeny that is really in question. As the rhynchocephalian reptiles, the mytilid and pinnid bivalve mollusks, the sclerosponges, and the lungfishes. All these groups have persisted in low diversity for hundreds of millions of years. The body plans of most changed rapidly only during earlier periods of rapid diversification. The Dipnoi (lungfishes) will serve as an example (18, 1) . Assigned scores for net degree of morphological advancement, genera of lungfishes show that the Dipnoi underwent rapid evolutionary change early in their evolution and little change thereafter (Fig. 1A and B) . This well-known example of evolutionary stagnation has remained a curiosity in treatises on macroevolution because the gradualistic model, which has been assumed, offers no explanation. Viewed in light of the rectangular model, however, it is easily explained. Fig. 1C (17) and Simpson (1) . Data for (C) from Romer (11).
The lungfishes form but one example. It can hardly be accidental that no taxonomic group seems to have persisted for relatively long periods of geologic time at low species diversity while exhibiting substantial evolutionary change.
The Test of Generation Time. The assumption that gradual change within established species is the dominant process of evolution has led many workers to predict that differing rates of evolution among taxa should correlate with generation time because the fate of each generation represents, in effect, a single event of natural selection. The demonstrated absence of such a correlation (19, 20) can be taken as a failure of the gradualistic model. If speciation is the dominant source of evolutionary change, however, rate of evolution should be related not to generation time, but to an equivalent parameter for speciation. The latter relationship is, in fact, observed in the fossil record, as will be documented in the final portion of this paper. Again the rectangular model is upheld.
A Disclaimer. It must be emphasized that the above tests do not demonstrate that no gradual change occurs within established species, but only that such change is generally slow and of minor consequence relative to changes that frequently occur in speciation events. The pattern of phylogeny is not perfectly rectangular, only crudely so.
SPECIES SELECTION
If, as just concluded, evolutionary change tends to be concentrated in speciation events, most evolutionary trends are not simple directional features that pass continuously along lineages that we divide arbitrarily into species. Rather, a typical trend must represent net change within a complex pattern of species proliferation (2) .
In fact, the process of speciation is to a large extent random. Isolation frequently arises accidentally, through the operation of external agents. It is impossible to predict at what time or in what type of subenvironment it will occur. In addition, most populations are spatially heterogeneous, and the local gene pool "sampled" by isolation is therefore often randomly determined. Furthermore, the sample of individuals being isolated may itself be taken at random, as when a few happen to reach a new, isolated habitat (the Founder Effect in speciation). Noting the largely random nature of speciation, Mayr (7) has compared speciation to mutation, which is an entirely random process.
If most evolutionary change occurs during speciation events and if speciation events are largely random, natural selection, long viewed as the process guiding evolutionary change, cannot play a significant role in determining the overall course of evolution. Macroevolution is decoupled from microevolution, and we must envision the process governing its course as being analogous to natural selection but operating at a higher level of biological organization. In this higher-level process species become analogous to individuals, and speciation replaces reproduction ( Table 1 ). The random aspects of speciation take the place of mutation. Whereas, natural selection operates upon individuals within populations, a process that can be termed species selection operates upon species within higher taxa, determining statistical trends. In natural selection types of individuals are favored that tend to (A) survive to reproduction age and (B) exhibit high fecundity. The two comparable traits of species selection are (A) survival for long periods, which increases chances of speciation and (B) tendency to speciate at high rates. Extinction, of course, replaces death in the analogy. The two traits are not totally distinct in that speciation succeeds through the initial survival of a peripheral isolate. The idea that selection of some type operates at the species level is not new (21, 22, 2) . Darwin himself viewed large-scale evolution as a race among evolving species. Others (21, 2) have more closely approached the ideas set forth in the present paper.
Species selection, which must largely determine the overall course of evolution, is most analogous to natural selection in asexual organisms. A new species, like a mutant arising in an asexual group, contributes to the future population solely through the selection of its direct descendants. The descendants form what has traditionally been termed a lade. A lade is, therefore, comparable to a clone of asexual organisms. Within sexual species beneficial mutations can be spread among individuals by recombination. In the higher-level process, by the very definition of species, comparable mixing of useful traits of species seldom occurs. There is a higher incidence of mixing among plant species, which hydridize extensively, than among animal species, but nothing as extreme as reproductive panmixia occurs. A given plant species can generally breed with only a few others.
The randomness of speciation generally disallows long-term phyletic trends in evolution. A trend becomes a net direction in a complex pattern of change guided by species selection. The net direction will reflect a lateral shift in the average phylogenetic position at which new species arise. Two factors can contribute to the shift: first, certain types of species will tend to survive for long periods and, therefore, produce a disproportionate number of descendent species and, second, certain types of species will tend to speciate at especially high rates. Differential survival is in response to the basic agents of nonaccidental extinction: predation, competition, and habitat alteration (23) . Even many aspects of the latter are biological in nature. We must conclude that biological interactions play a major role in governing large-scale evolutionary trends. Critical factors will vary from taxon to taxon. Predatorlimited groups, for example, will tend to shift toward efficient predator avoidance and food-limited groups, toward efficient food capture. Adaptive breakthroughs in the form of morphologic innovations will improve chances for survival in certain Evolution above the Species Level 649 clades and may also accelerate rates of speciation by increasing the incidence of survival of peripheral isolates.
RATES OF SPECIATION AND ADAPTIVE RADIATION
Fisher's Fundamental Theorem of Natural Selection states that rate of phyletic change within a population is proportional to genotypic variance. It also, of course, increases with selection pressure, which is the source of directional change. Similarly, rate of large-scale evolution will reflect both rate of speciation, as the source of variability, and intensity of species selection. An increase in one or both of these factors must account for rapid evolution, like that occurring in adaptive radiation. As we have seen in the previous sections, the critical factor must usually be rate of speciation. The selection coefficient of population biology may be important in simple examples to which the Fundamental Theorem is applied because only brief intervals of time are considered and uniform environmental pressures can be assumed. For an adaptive radiation like that of the early Cenozoic mammals to be caused by intensification of species selection, however, would require the simultaneous onset and continuation for millions of years of numerous environmental pressures that would propel diverse lineages of varied species occupying varied habitats in various directions at extraordinary rates. This scenario is clearly preposterous. Let us then focus upon the critical role of speciation in determining rates of adaptive radiation. Speciation is a splitting process analogous to that of population growth. Taxonomic diversification can saturate habitats, just as population growth does on a smaller scale. By analogy, we can predict that uninterrupted taxonomic diversification should follow a sigmoid curve (24) (25) (26) . The (25) is that degree of divergence per speciation event may be greater for the Mammalia, in which interspecific competition is more intense, than for the Bivalvia. In theory, at least, a test can be made to determine whether difference in rate of speciation for the two groups may itself be sufficient to produce the observed difference at the family level. We can simply estimate the total number of species (N) that would have arisen in a rapid radiation for which we know the duration and number of families produced. This will be given by Assuming that a family of mammals is phenotypically equivalent to a family of bivalves, the ratio of species-to-families can be compared for adaptive radiation of the two groups. This sort of calculation is vulnerable to greater sources of inaccuracy than the mere calculation of E or S, particularly because the estimated parameter S appears in the exponent. Use of the calculation will therefore be deferred to future studies. It will be sufficient here to conclude that speciation rates are higher for mammals than for bivalves and must to some degree contribute to the higher rates of evolution observed for mammals at the family level.
DISCUSSION
The recognition of a process of macroevolution analogous to, but differing from, the process of natural selection in microevolution is of great consequence for population biology. Contrary to the prevailing belief, natural selection seems to provide little more than the raw material and fine adjustment of large-scale evolution. The reductionist view that evolution can ultimately be understood in terms of genetics and molecular biology is clearly in error. We must turn not to population genetic studies of established species, but to studies of speciation and extinction in order to decipher the higher-level process that governs the general course of evolution.
